This paper presents various models of deterioration due to carbonation taking into consideration uncertainty factors to estimate the initiation and the rate of corrosion and to analyze the structural capacity and serviceability of RC members, i.e. shear capacity, bending strength and width of severe cracking or spalling of columns and beams with corroded reinforcing bars, based on simple formulas formed through past experiments. Then, it goes on to propose a method for evaluating the failure and severe spalling/cracking probability during earthquakes and the deterioration risk of members in specified years from construction. Further, through application of an immune algorithm to the minimization of the life-cycle cost including deterioration risk, an optimal maintenance plan and semi-optimal solutions with a high diversity for reinforced concrete members can be found in a single analysis. Finally, a case study is conducted to establish the effectiveness of this system.
Introduction
Reinforced concrete (RC) structures are a very important asset in urban environments. In order to build a sustainable urban environment and solve environmental problems, it is necessary to develop maintenance technology to extend the life of deteriorating RC structures. RC structures deteriorate with time in a corrosive environment. Concrete cracking, spalling of concrete covers, and corroded reinforcing steel are common signs of deterioration induced by carbonation or chloride attack that may affect both the safety and serviceability of RC structures. Generally, structural members, beams, or columns whose reinforcing steel components are corroded, are appropriately repaired/retrofitted following investigation of the cause of corrosion. Moreover, owners of deteriorating RC structures need to allocate significant and ever increasing financial resources for their repair, retrofit or replacement. Thus, a cost-effective solution can only be determined on the life-cycle cost (LCC) basis, i.e., by taking into account all costs associated with design, construction, maintenance, and possible damage modes of a structure.
Corrosion of reinforcing steel is the primary cause of deterioration of RC structures. A number of studies have considered the LCC of RC structures deteriorating due to corrosion. To determine optimal maintenance strategies, Mori and Ellingwood (1994) and then Frangopol et al. (1997) minimized the expected LCC of RC structures while maintaining their probabilities of failure for ultimate limit states below a certain specified value. Steward et al. (2003) and Val (2005) concentrated mainly on the effect of ultimate limit states and serviceability limit states associated with cracking and spalling of the concrete cover. In the Val paper Val (2005) , optimal times between repairs that minimize the total expected cost of failure have been calculated as a function of the ratio between the failure costs for ultimate and serviceability limit states. Nakamura et al. (2001) developed a bridge management system (J-BMS) that can be used to evaluate the serviceability of existing RC bridges and applied an immune algorithm (IA) and genetic algorithm (GA) to obtain optimal maintenance strategies by minimizing the cost of repair. However, few studies discuss how an optimal maintenance plan can be envisaged beforehand to minimize the LCC, including the deterioration risk induced by failure and severe spalling/cracking during earthquakes, of a RC building located in a corrosive environment with high hazard of earthquakes. Therefore, there is a need for a system that can be used to determine a maintenance plan to minimize the LCC in terms of structural capacity and serviceability in current society taking into consideration the high importance of performance design, life-cycle maintenance, and risk diversification of RC structures (Kato et al. 2005) . Based on the backgrounds given above, the purpose of this paper is to propose a system framework for determining an LCC minimizing maintenance plan of RC structures.
This paper describes a system that can estimate the LCC, including construction cost, repair cost, retrofitting cost, and the deterioration risk composed of the expected cost of failure and severe spalling/cracking during earthquakes, of RC structural members in a corrosive environment due to carbonation (Fig. 1) . We also analyze the ability of an immune algorithm (IA) capable of searching for semi-optimal solutions with high diversity to find the optimal maintenance plan by minimizing the LCC. Moreover, in order to improve the computing efficiency of the immune algorithm to find the optimal maintenance plan, a model of effectiveness of repair/retrofit strategies (three repair/retrofit strategies are proposed in this paper) is used to directly reflect the effects of maintenance strategies on failure probability and spalling probability. Finally, a case study is conducted to prove the effectiveness of this system.
Evaluation of deterioration risk and LCC
In this paper, the deterioration model of carbonation and the formulas for estimating the structural capacity of an RC member proposed in the design guidelines are used to evaluate the deterioration risk. Because these equations have been proved by many past experiments, the uncertainties are only focused on material deterioration and construction quality.
Deterioration model of carbonation
When the pH of the pore water in the concrete surrounding the reinforcing steel decreases with the ingress of CO 2 , the protective oxide film on the steel is removed, opening the way for corrosion provided oxygen and moisture are present. In this paper, the process of corrosion of reinforcing steel due to carbonation (Fig. 2) is modeled on the basis of previous research (Tottori et al. 2004) .
Initiation stage
This stage is defined as the time period required for corrosion to begin. Under steady hygrometric conditions, the depth of carbonation increases in proportion to the square root of time; therefore, the depth of carbonation, C, can be expressed in millimeters as follows:
where A = carbonation coefficient (mm/year 0.5 ) and t = time of exposure (year).
Based on previous investigations, when the carbonation front reaches the surface of the steel, it can be assumed that corrosion has been initiated (AIJ 2004) . This paper considers the uncertainties with regard to the carbonation coefficient and concrete cover induced by environmental or construction conditions to calculate the probability (Fig. 3) that the corrosion of the outermost reinforcing steel layer has been initiated by using Monte Carlo simulation. In the simulation, corrosion is considered to have occurred when the probability of corrosion initiation exceeds 10%, with a level of confidence of 90% (failure probability of 10%) to be consistent with the prediction of corrosion initiation based on ASTM C876 1991. In the probabilistic analysis, the carbonation coefficient and concrete cover are treated as lognormal random variables with coefficients of variation of 45% (Kawanishi et al. 2006 ) and 20% (Kato et al. 2005) , respectively. sion in these two stages is assumed to be the same, and this rate is treated as a lognormal random variable with a mean equal to 0.06%/year (percentage weight loss) (Tottori et al. 2004 ) and a coefficient of variation of 50% (Takahashi et al. 2005) .
Latter period of acceleration stage
According to past research , spalling is caused with the formation of a crack with a width in excess of 0.5-1.0 mm and the threshold of the latter period of acceleration stage is difficult to define. However, it can be reasonably assumed that the concrete surface spalls severely so that the concrete cover is almost unable to prevent the steel from corroding in the latter period of the acceleration stage. Therefore, in this paper, the latter period is characterized by severe spalling, which is regarded as an increase in the crack width in excess of 1.0 mm; the corrosion of steel as a percentage weight loss in a 1.0 mm crack defined as the threshold of the latter period of acceleration stage can be quantified by Eq. (2) and Eq. (3) proposed in past research (Ozaki et al. 2005 ). Based on previous research (Tottori et al. 2004 ) and (Takahashi et al. 2005) , the rate of corrosion at this stage is equal to the rate of corrosion of steel without any concrete cover and is treated as a lognormal random variable with a mean equal to 0.14%/year (percentage weight loss) and coefficient of variation of 50%.
Carbonation suppressive effect of finishing
Because finishing can prevent the concrete surface from coming into contact with CO 2 , it can also suppress carbonation. Therefore, finishing could be a possible alternative to provide higher building durability depending on what kind of materials are used in the process. In this paper, if the finishing material is composed of cement, the depth of carbonation can be estimated as shown in Eq. (4) based on the concept of an equivalent concrete cover (AIJ 2004) .
where M eq = equivalent concrete cover in relation to the thickness of finishing (mm). If the finishing material is made up of a polymer mixture, we must use Eq. (6)-(8), which include a material aging factor dependent on ultraviolet radiation, rain, and wind, to estimate the depth of carbonation based on the general form (Eq. (5)) (AIJ 2004 and Kono et al. 2004 .
Conditions:
where R = resistance of carbonation in relation to year and coating thickness (year 0.5 ), C i = depth of carbonation in step i (mm), t i-1 ' = equivalent time of exposure in step i-1 (year), R i-1 ' = resistance of carbonation in step i-1 (year 0.5 ), t i-1 = time of exposure of finishing (polymer mixture) in step i-1 (year), and T r = depth of material of polymer mixture (µm).
Probability of failure and spalling 2.3.1 Capacity degradation of beam and column
The reduction in the shear and flexure capacity of an RC beam or column due to corrosion is considered for safety performance under earthquake conditions.
In this paper, two major causes of the reduction in capacity due to corrosion are considered. The first cause is the degradation of the yield stress of the reinforcing steel. In the case of general corrosion, the yield stress of reinforcing steel, σ y , can be estimated as (JCI 1998)
where σ yo = yield stress of reinforcing steel without corrosion (N/mm 2 ) and r = corrosion of steel as percentage weight loss (%).
The second cause is the degradation of the ultimate bond stress of the reinforcing steel and concrete, τ bu , and it can be estimated as (JCI 1998)
where τ bo = ultimate bond stress without corrosion (N/mm 2 ), b = width of beam or column (cm), d b = diameter of main bar (cm), p w = stirrup ratio and σ B = compressive strength of concrete (N/mm 2 ).
(1) Shear capacity The shear capacity of an RC beam or column in the case of bonding failure or stirrup yielding induced by corrosion can be estimated by the truss-arch theory associated with Eq. (9), Eq. (10) and Eq. (11), as follows. The shear capacity in the case of bonding failure, V bu , can be considered as two items (Eq. (12)) according to the truss-arch theory illustrated in Fig. 4 (AIJ 1998 and Chiu et al. 2007 ).
The first item, V t , is caused by the truss mechanism related with the stirrup and bonding between the concrete and main bar. If the bonding failure happens before stirrup yielding, it can be estimated as
where L = clear span length of beam or column (cm), Σφ = sum of perimeter of main bars (cm) and j t = distance between compression and tension bars (cm). The second item, V a , is caused by the arch mechanism related with concrete and can be estimated as
where ν = effective coefficient of compressive strength of concrete, D = depth of beam or column (cm), σ ct = compressive stress of concrete due to truss mechanism (N/mm 2 ) and θ = angle of arch mechanism. The shear capacity in the case of stirrup yielding, V u , can be estimated as
where Φ= angle of compressive strut (if assumed, 45 o ) and σ wy = yield stress of stirrup (N/mm 2 ). If corrosion is present, the yield stress can be estimated by Eq. (9).
(2) Flexure capacity The flexure capacity can be estimated by the plastic flexure theory associated with the Euler-Bernoulli beam theory (Eq. (18) and Eq. (19)) and Eq. (9) (AIJ 1988 and Chiu et al. 2007 .
where at = area of main bar (cm 2 ), d = effective depth of beam or column (cm) and N = axial force of column (N).
(3) Shear demand
The shear demand of an earthquake with a recurrence period of 500 years is defined as the shear force caused by an earthquake and the vertical loading, Q DS .
where Q L = shear force caused by vertical loading (N) and Q E = shear force caused by an earthquake with a recurrence period of 500 years (N). The hazard analysis or seismic design codes can be used to analyze the ground acceleration of a specified region under an earthquake with a recurrence period of 500 years and then Q E can be estimated by the pushover method.
Structure performance and failure probability
Using the capacity and the shear demand of an RC beam or column obtained based on 2.3.1, the shear performance index, D V , and the flexure performance index, D M , are defined as follows: Clearly, D V and D M decrease and approach the value of the limit (equal to 1.0) with the passage of time, as illustrated in Fig. 5 . In this paper, the rate of corrosion of reinforcing steel is treated as a random variable and Monte Carlo simulation is used to calculate the distributions of D V and D M . Then, the area of the distribution below the limit value can be evaluated and defined in terms of the shear failure probability, P V , and flexure failure probability, P M , respectively. In addition, the sum of both is defined as the failure probability of an RC beam or column.
Serviceability performance and spalling probability
It is generally perceived that the serviceability performance of RC structures is affected when spalling is caused with the formation of a crack with a width in excess of 0.5-1.0 mm . The limit quantity of corrosion resulting in spalling can be estimated by Eq. (2) and Eq. (3). Therefore, when the quantity of corrosion of the outermost reinforcing steel component in the RC beam or column exceeds the limit quantity, spalling can be assumed to occur on the surface of the concrete. Monte Carlo simulation is used to evaluate the spalling probability, P S , similar to how it was used in the case explained in 2.3.2. However, it is reasonable to expect that a higher spalling probability caused by carbonation would lead to a higher severe spalling/cracking probability when an earthquake with a recurrence period of 100 years occurs. Therefore, the product of the spalling probability caused by carbonation and the annual probability of earthquake with recurrence period of 100 years is defined as the annual probability of serviceability failure resulting from severe spalling/ cracking in this paper.
Deterioration risk and life-cycle cost 2.4.1 Deterioration risk of service period
In this paper, the deterioration risk of a specified service period, E, is estimated as
where C f = cost of failure, C s = cost of severe spalling/cracking, v f = annual probability of earthquake with recurrence period of 500 years (if a Poisson distribution is assumed, 0.2%), v s = annual probability of earthquake with a recurrence period of 100 years (if a Poisson distribution assumed, 1%), T = specified service period (year) and k = discount rate. Eq. (23) contains two important observations. First, the expected cost of failure for an ultimate limit state results from an earthquake with a recurrence period of 500 years. Second, the expected cost of serviceability failure results from severe spalling/cracking when an earthquake with a recurrence period of 100 years occurs. However, the cost of failure and the cost of severe spalling/cracking are composed of many kinds of loss, e.g. function loss, injuries and so on, and are not discussed in this paper. According to previous research (Kanda et al. 1997; Stewart et al. 2003) , they vary depending on the structure occupation type and can be normalized by the construction cost of the structure. In addition, according to past experiments for corrosion-induced columns, when a crack with a width in excess of 0.5-1.0 mm caused by corrosion occurs, the ductility ratio decreases to 1.1-1.5. In other words, ductility of a deteriorating column cannot be expected even if the flexure failure mode happens under an earthquake. In this paper, it is assumed that not only shear failure but also flexure failure will lead to a catastrophic cost, based on the concept of possible maximum loss assessment. Additionally, because the cost of a carbonated column caused by earthquakes is focused on in this paper, the cost caused by spalling resulting from corrosion expansion without any external loads is not included.
Life-cycle cost
This paper uses the concept of the LCC to find the optimal maintenance plan for an RC beam or column. Besides the deterioration risk stated in 2.4.1, the construction cost, retrofitting cost, and repair cost must also be considered. Therefore, the LCC, C T , is defined as 
where C I = construction cost, C Rep = repair cost, C Ret = retrofitting cost, t Rep = year of repair, t Ret = year of retrofitting.
Maintenance strategy
In order to find the optimal maintenance plan for an RC beam or column, it is necessary to define the repair/retrofit techniques that can be applied. The selection of repair/retrofit techniques significantly affects the lifetime performance of an RC beam or column. In this paper, three repair/retrofit techniques are considered. Moreover, in order to improve the computing efficiency of the immune algorithm to find the optimal maintenance plan, the model illustrated in Fig. 6 is used to directly reflect the effect of the maintenance strategy on the failure probability and spalling probability instead of re-analysis of deterioration taking into consideration of update conditions due to the maintenance strategy by FDM (Finite Difference Method).
TYPE-I: Finishing renewal. In this method, the finishing of an RC beam or column is renewed by using the original material. For this purpose, not only recoating the finishing material but also repair for spalling/cracking is carried out. This is done so that the carbonation suppressive effect can be restored to its initiation stage magnitude without aging. Because the carbonated area still exists following application of this strategy, the spalling probability can be set to zero and then the process can proceed along the original curve (no maintenance) without an initiation stage. Due to the exclusion of steel supplements in this strategy, there is no any influence on the failure probability.
TYPE-II: Finishing renewal and patch repair. In this method, not only the carbonated area but also the fin-ishing is replaced by using the original material. With this strategy, the spalling probability can be set to zero and then the process can proceed along the original curve (no maintenance). Because patch repair is also practiced, the carbonated area is removed and the degradation of the structure capacity can be halted for a particular time period, which is equal to the initiation stage.
TYPE-III: Finishing renewal, patch repair, and steel supplementing. In addition to the operations performed in TYPE-II, the steel is supplemented in TYPE-III according to the quantity of corrosion of the outermost reinforcing steel component. With this strategy, the spalling probability and failure probability can be set to zero and then the process can proceed along the original curve (no maintenance).
Immune algorithm
The immune system (Luh et al. 2004) protects living bodies from the invasion of foreign substances such as viruses, bacteria, and other parasites (called antigens).
The immune algorithm, IA, (Nakamura et al. 2001; Honma et al. 2005) , as illustrated in Fig.7 , which emulates the biological immune system, is mainly composed of the genetic algorithm (GA) used to reform solutions/antibodies of the next generation, memory cells used to conserve higher-affinity solutions/antibodies, and suppressor cells (T-cells) used to suppress the re-seeking of higher-affinity solutions conserved in memory cells and proposed to solve optimization problems. Therefore, analogous to the biological immune system, the immune algorithm is capable of seeking multiple feasible solutions while maintaining diversity by means of memory cells and suppressor cells. In addition, IA has higher computing efficiency than GA for multiple feasible solution seeking based on the past research. For decision making in the maintenance plan of an RC member or building, not only the optimal solution but also semi-optimal solutions are important. Consequently, IA is used to find multiple semi-optimal plans including the optimal one instead of GA in this paper.
Computing procedure
In this section, we describe the algorithm illustrated by the flowchart shown in Fig. 8 .
Recognition of antigen
Antigens and antibodies correspond to objective functions and associated feasible solutions. In this algorithm, memory cells are used to conserve higher-affinity solutions/antibodies, which can be regarded as a set of feasible solutions. In addition, objective/antigen and solutions/antibodies are defined as the LCC (C T ) and maintenance plans of RC members in this research, respectively.
Randomly initialized antibody population
Similar to the genetic algorithm developed by Kanematsu (Kanematsu et al. 2001) , the initial population of 
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antibodies utilizing a multi-variable binary-code string is generated randomly. In this paper, four bits are used to express one repair/retrofit work including the method (2 bits, 2 2 kinds) and time (2 bits, 2 2 kinds) with which these methods were planned, as illustrated in Fig. 9 . Further, each maintenance plan has a maximum of ten repair/retrofit works; therefore, 40 bits are built in one antibody.
Calculating affinity of antibody-antigen or antibody-antibody
In this paper, the inverse of the LCC is used to express the affinity of the antibody v and the antigen, as shown in Eq. (25). Clearly, the greater the affinity, the lower is the LCC caused by the antibody v and its higher grades. The affinity Ψ vw between antibodies v and w is defined as the ratio of the similarity of binary code strings in them. Note that 0 ≤ Ψ vw ≤ 1, and when Ψ vw = 1, the antibodies v and w, are identical.
Calculating concentration of antibody
The concentration Θ v is used to express the similarity of the antibody v with other antibodies, as shown in Eq.
.
where N = the number of antibodies. If Ψ vw ≥ T π1 , π vw = 1; otherwise, π vw = 0; T π1 = user-defined threshold value that illustrates the allowable difference between two antibodies. In this algorithm, as the concentration increases, the higher probability is selected as the memory cell and suppressor cell.
Antibody differentiation into memory and suppressor cells
If the concentration Θ v of the antibody v exceeds the user-defined threshold value T Π , the antibody v becomes a candidate memory cell. Then, candidate memory cells are chosen for differentiation into a pool of memory cells in the order of the affinity of antibody-antigen and into a pool of suppressor cells in the order of the concentration.
Stimulation or suppression of antibody promotion
In this paper, we use the affinity of the similar antibodies. Therefore, if Ψ sv exceeds the user-defined threshold value TS, the antibody will be eliminated. In addition, in order to add and maintain the diversity of the next generation of antibodies, those antibodies that have a high expected value based on Eq. (27) are chosen to create the next generation by the GA method (including selection, crossover, and mutation).
where S = number of suppressor cells. If Ψ vw ≥ T π2 , Ξ vw = Ψ vw ; otherwise, Ξ vw = 0.
Diversity of solution/antibody (Honma et al. (2005))
In this paper, we use the concept of entropy to estimate the diversity of a solution/antibody. First, the diversity of the locus j of an antibody in the same generation H j (N) can be expressed as shown in Eq. (28). Then, the average value of H j (N) is estimated by Eq. (29) to represent the diversity of the generation. It could be said that the higher the H(N), the higher is the diversity.
where N = number of antibodies in one generation, G = number of loci in one antibody, L = number of symbols in one locus, and p ij = probability of the symbol i appearing in locus j. 
Case study
The optimal maintenance plans defined as the cases of minimal LCC for the columns (outside column) coated with mortar (C1), those coated with resin (C2) and those without coating (NC) on the first, sixth and twelfth floors of a twelve-story RC building are analyzed by the method proposed in this research to prove its suitability. The parameters required for the analysis of deterioration are listed in Table 1 and Table 2 and those of the computing of the LCC and optimization are listed in Mark et al. 2003) and Table 4 (Honma et al. 2005) .
The LCC, failure probability, and spalling probability of the columns on the first and sixth floors are illustrated in Fig. 10 and Fig. 11 (NC_M, C1_M, C2_M represent maintenance cases). The optimal maintenance plans of columns without coating based on IA and GA are illustrated in Table 5 . According to the results, when the same finishing material is used, the spalling probability curve of the column without maintenance does not change with the floor considered, and these curves with maintenance on the first and sixth turn out to be different because of the difference between them in the optimal maintenance plan. However, because a higher floor has a lower shear demand, the failure probability of the column without maintenance on the sixth floor is smaller than that on the first floor. After the optimal maintenance plan is practiced, the failure probability of the columns on the first and sixth floor can be decreased to below 10% and almost zero, respectively. In addition, in the case of the twelfth floor, the failure probability of the column is zero irrespective of maintenance.
The LCC, deterioration risk and rates of each cost in the LCC are illustrated in Fig. 12, Fig. 13 and Fig. 14 . When compared with the LCC and deterioration risk without maintenance, the optimal maintenance plans Table 3 Parameters for the estimation of LCC.
Construction cost (C I ) (without coating) 1.00 Cost of failure (C f ) (Jun et al. (1997)) 10.0 Cost of severe spalling/cracking (C s ) (Mark et al. (2003) Table 4 Parameters for GA and IA.
Number of antibodies 500 Number of generations 1000
Selection method Roulette and elite conservation
Crossover method Crossover of one point with probability of 75% Probability of mutation 0.5% Number of memory cells (IA) 10 T π1 ,T π2 ,T S (IA) 0.80 (Honma et al. (2005) yield a definite and effective improvement, irrespective of which floor the column belongs to. Moreover, according to the results, it is said that the rate of deterioration risk, if the optimal maintenance practiced, is decreased to below 5% from almost 60% expect columns without coating and the rate of repair/retrofit cost is about 30% expect the column without coating on the first floor.
Furthermore, the diversity of the solution/antibody is used to prove the effectiveness of this system and is shown in Fig. 15 . In this figure, besides the diversity of the memory cells (if in GA, the best 10 are chosen) (SAH), the diversity of each generation is also expressed. With reference to the diversity of solution/antibody in one generation (SH), IA shows more intense variation than GA. Due to the high intensity variation of diversity, IA can suppress similar solutions and does not easily resort to global-solution searching. In other words, IA does not converge to one solution by the original adjustment mechanism (suppressor cells). In addition, the diversity of the memory cell increases with each generation and lasts until the end of the analysis. It also can be said that IA has the ability to research semi-optimal solutions (global solution and local solutions) with a high diversity in a single analysis.
Conclusions
In this paper, we described a system that can estimate the deterioration risk of carbonation caused by earthquakes. We also applied the immune algorithm to minimize the LCC, including the deterioration risk, and found the optimal maintenance plan for an RC beam or column. According to the results of the case study, besides the optimal maintenance plan, semi-optimal solutions with high diversity are also provided in a single analysis. In other words, the system can obtain multiple maintenance plans with high diversity, thereby allowing a user to select the suggestion he/she finds most appropriate. 
